The present study aimed at examining the oscillatory brain-electric correlates of human operant learning using high-density electroencephalography (EEG). Induced gamma-band activity (GBA) was studied using a fixed-interval reinforcement schedule with a variable limited hold period, which was decreased depending on response accuracy. Thus, participants' behavior was shaped during the course of the learning session. After each response, numbers indicating the money value of that response served as reinforcing stimuli. Random reinforcement and self-paced button pressing without reinforcement were added as control conditions. GBA around 40 Hz was enhanced at posterior electrodes in response to visual feedback stimuli during shaping and random reward compared to the self-paced pressing condition where no visual feedback was provided. Furthermore, shaping was associated with a pronounced left frontal lower gamma (20-30 Hz) increase in response to feedback stimuli, whereas this pattern was not observed in the random reinforcement and self-paced pressing conditions. The present findings are in line with the notion that macroscopic high-frequency dynamics of neuronal cell assemblies may be regarded as a mechanism involved in learning and memory formation.
Introduction
widespread network that is involved in learning new behaviors and includes a variety of other structures such as Operant learning of contingencies between individual the amygdala, hippocampus, hypothalamus and sensory behavior and external reinforcers has been viewed as an cortices [13, 23] . Given these data, the question arises as to important element of human behavior, as well as a valid the mechanisms that act to integrate the neuronal activity and practicable laboratory model for learning per se [6, 44] .
within and between the elements of such a network. Current theories of plasticity and learning describe cortical Based on Hebb's proposal of the formation of cell mechanisms on the system and neuronal level. On system assemblies by temporally correlated action potentials as the level, several studies have demonstrated a relation between neuronal mechanisms underlying learning [16] , recent dorsolateral, medial and orbital pre-frontal cortex and theoretical proposals extended Hebb's model by the dyacquisition of reinforcement contingencies in animals namical dimension of synchronized neuronal firing rates using electrophysiological [42] or lesion techniques (e.g. Refs. [25, 45, 50] ). High-frequency neuronal activity [32, 33] . Thus, frontal cortex appears to be part of a can be recorded from humans using traditional electrocortical measures [24] such as the electroencephalogram (EEG). In particular, induced gamma band activity correlate with formation and activation of object reprethat they would be given the opportunity to earn additional sentations [47] . Recent work in animals [8] , humans [26] , money by pressing a response key in two different tasks. and computational models [17] points to a possible role of Subsequently, the feedback stimuli indicating the actual high-frequency oscillatory brain activity in the acquisition amount or reward were explained. No further instructions of learned contingencies. Therefore, an increase of GBA in were given concerning operant behavior and reward contthe human EEG may represent a signature of associative ingencies. The electrode array was applied to the subject's learning, reflecting oscillatory activity in neuronal assemhead and the participant entered the electrically shielded blies [1, 38] . On the other hand, functional imaging studies chamber where s / he was seated in a comfortable chair. in humans and animal electrophysiology have shown that Three test trials were conducted to ensure that the subject the amplitudes of responses to visual objects decrease in was able to understand the instructions and perform the the course of learning [7] , a fact that is commonly referred task. After the test trials, three experimental blocks were to as repetition suppression. Repetition suppression has conducted: (1) a block establishing a fixed interval rebeen studied in the visual domain and has been related to inforcement schedule with a variable limited hold period, higher-order visual processes such as associated with referred to as 'shaping condition'; (2) a block without inferior temporal cortex [2] . This phenomenon has been contingent reinforcement ('random reinforcement condiattributed to an increase in the connectivity between the tion'); (3) a block of self-paced key pressing, referred to as task-relevant brain areas and is thus not explained by 'self-paced condition'. The order of the learning vs. nonhabituation [4] . Alternatively, fronto-temporal connections learning conditions was counterbalanced across subjects. may modulate visual processing according to information provided by memory systems [7] . Time-frequency analyses 2.2.1. Shaping condition of electrophysiological data may be a useful tool in A fixed interval reinforcement schedule with a variable investigating these mechanisms because of their relation to limited hold period was used for the operant control of the neuronal rather than metabolic processes and their better subjects' key presses in the shaping trials. The delay of the time resolution, compared to blood flow measures [47] .
key press (i.e. onset of key press in relation to trial onset) Furthermore, changes in GBA power can be related to was used to define the operant response rather than alterations in the local response amplitude and local intensity or duration of the movement. This was done to coupling of neuronal assemblies [9, 18] . Likewise, the keep the response itself easy and thus allow for the spatio-temporal patterns of neuronal mass activity are application of a shaping regime. Accordingly, the key was expected to change in response to changes of reina simple switch not being sensitive to touch intensity or forcement contingencies [10] .
duration. Each shaping trial began with a cue stimulus (i.e. In the current study, we used a shaping paradigm that a brief color change of the fixation point). Reward was allowed keeping the participants in a state of ongoing available only after an interval of 3 s after the cue, with an learning according to an operant reinforcement schedule.
initial limited hold period of 900 ms at the outset of the Random (non-contingent) reinforcement and self-paced shaping block (see Fig. 1, top) . Thus, in the first trial, responding without reward served as control conditions. If responses would be rewarded when being located between the amplitude of the visual response is reduced in the 3000 and 3900 ms after the initial cue. Subjects received a course of the learning condition, decreased GBA amplitude maximum amount of money if their response latency was in the visual cortex should be observed as a function of exactly centered between 3 s and the actual limited hold stimulus repetition specifically in this condition. In addiduration, with increasing discrepancy being associated tion, frontal sites should show a GBA increase as a with less reinforcement. Accordingly, in the first trial, a function of ongoing learning, reflecting changes in spatioresponse at 3450 ms would lead to maximum reward (i.e. temporal activity that may be related to top-down modula-0.06 DM, see below). Temporal distance from the center of tion of visual processes by reorganizing memory systems.
the reward interval resulted in less reward, according to a linear function declining in steps of 0.01 DM (see Fig. 1 , top). The limited hold period was reduced by 100 ms when 2. Materials and methods the subject obtained more than two consecutive maximal rewards. Thus, the optimal response latency was not 2.1. Subjects constant throughout trials, but was subject to shaping, approaching a latency of 3000 ms. Each rewarded key Eleven healthy, right-handed university students (eight press immediately elicited feedback of the occurrence and male, three female) received class credits or a small amount of reward via a computer screen, followed by a financial bonus for participation. Their age ranged from 19 1500-ms interval after which a new trial began. Feedback to 33 years (mean age 23.2 years). stimuli were numbers ranging from '00' to '60', subtending a visual angle of 38, with 500-ms duration. Participants 2.2. Procedure and design knew that a feedback of '60' meant additional 0.06 DM reward, '30' was equivalent to 0.03 DM, etc. Key pressing After giving informed consent, participants were told outside the reward window resulted in no feedback at all.
quency modulations in the EEG, subjects were asked to press the key regularly in long intervals in order to control for the brain correlates planned key pressing. No feedback on performance was provided via the screen. A total of 100 trials were obtained in this condition.
Electrophysiological recordings
EEG recordings were made using an EGI 128-channel system (Electrical Geodesics, 1998) with a sampling rate of 500 Hz, referenced to Cz. As suggested for the EGI high input impedance amplifier, impedances were kept below 50 kV. All channels were preprocessed on-line by means of 0.1-200 Hz band-pass filtering.
Data reduction and analysis
EEG was segmented response-locked to obtain epochs containing 2000 ms prior to and 1000 ms following the button press. Only rewarded epochs (i.e. 30 points and higher) were included both for the random and the shaping condition in order to exclude trials with multiple key presses and those that reflected erratic key pressing. based on statistical parameters of the data. In a first step, this procedure detects recording channel artifacts using the If the subjects did not respond until 6000 ms after the cue, recording reference (i.e. Cz). Subsequently, global artifacts the trial was aborted and a zero reward was displayed on are detected using the average reference. In a next interacthe screen. Only those trials that were rewarded with 30 or tive step, electrodes from particular trials are removed on more points were included in the EEG analyses, in order to the basis of the distribution of their amplitude, standard exclude trials with multiple key presses and those that deviation and gradient. The information of eliminated reflected erratic key pressing.
electrodes is replaced with a statistically weighted spherical interpolation from the full channel set. In a last step, 2.2.2. Random reinforcement condition the variance of the signal across trials is computed to As a control condition, trials were executed that indocument the stability of the average waveform. The limit volved key presses and occasional reward, but did not for the number of approximated channels was set to 20 allow for operant learning. In these control trials, no channels. With respect to the spatial arrangement of the contingent reinforcement, but randomized reward was approximated electrodes, it was ensured that the rejected given independently of the response interval (see Fig. 1 , channels were not located within one region of the scalp, bottom). Occasional but randomized reinforcement was because this would make interpolation for this area invalid. thought to keep motivation and attention on a comparable
To this end, the standard deviation of the spherical splines level as in the shaping condition, without involving used for approximation was computed for each trial and modification of behavior in response to a reinforcement trials that represented outliers from this distribution were schedule. Given this reinforcement procedure, less rerejected [19] . Single epochs with excessive eye-movewarded responses could be expected than in the shaping ments and blinks or more than 20 channels containing condition. Since only trials with rewards of $30 points artifacts were discarded. After artifact correction, the mean were used for EEG analyses, this block included 180 trials.
number of trials remaining across conditions was 69, with This was done to provide comparable amounts of trials a minimum value of 59 and a maximum value of 92 resulting from all experimental conditions. Length of trials artifact-free trials. No significant differences of trial numand type of feedback stimuli were identical for shaping and bers emerged between the random reinforcement (mean random reinforcement conditions. number of artifact-free trials in analysis: 62) and the shaping condition (mean number of artifact-free trials in 2.2.3. Self-paced condition analysis: 67). The self-paced condition however contained As a further control of movement-related time-fresignificantly more artifact free trials than the random and the shaping condition (mean: 82 trials, ANOVA, P,0.05). ed in order to achieve good time and frequency resolution Prior to further analyses, artifact free EEG epochs were for the examined frequency range from 9.8 to 61.5 Hz. algebraically re-referenced to the average reference.
Wavelets of this family were normalized in order to have equal amounts of energy. For each artifact-free epoch, time-varying energy in a given frequency band was 2.4.1. Data analysis GBA obtained as the squared absolute value of the convolution Transformation of artifact free EEG epochs into the of the cosine-square tapered signal with the wavelet. frequency domain was obtained by convolution with
Single trial time by frequency matrices were averaged complex wavelets. Complex Morlet wavelets were used to across recording epochs, response-locked to the button overcome problems with a constant Fourier window press that simultaneously elicited feedback. Thus the length. This procedure has the advantage that the time response-locked evolutionary spectrum was obtained for resolution for high frequencies is better compared to low each electrode and condition. A 1900-1750-ms period frequency ranges, where frequency resolution is better, but prior to the button press was used as baseline for the time resolution is coarse. Thus, this technique is especially time-frequency information, in order to avoid confound suited for detecting induced high-frequency oscillations with motor preparation and execution, as well as movethat may occur during brief periods of time. The present ment artifacts. The mean of this time window was subprocedure has been proposed by Bertrand et al. [3] and is tracted from the time-frequency matrix for each frequency described in detail in the respective publications [48, 49] . In and time point. brief, complex Morlet wavelets g can be generated in the Spectral power in five frequency bands was obtained by time domain for different analysis frequencies f according shown in Fig. 2 . The same time windows were examined on these two measures were evaluated using paired t-tests. for the lower bands (i.e. alpha and beta) to control for Data from aborted trials were excluded from these analyeffects of higher harmonics. In order to assess statistically ses. the effects of experimental conditions on frontal and temporo-occipital oscillatory activity, spectral power at the 129 electrodes was grouped into four regional means 3. Results covering fronto-central and occipito-temporal sites. These regions have been shown sensitive to GBA modulations in 3.1. Behavioral results studies using identical electrode montages [21, 28] . Each region comprised 12 electrodes. Fig. 3 displays their The shaping procedure was successful in establishing a relative position with respect to sites of the international motor response in the required time window (see Fig. 4 ). 10-20 system.
As expected, the mean reward across trials was signifiFor each time window and frequency range, mean cantly higher in the shaping than in the random condition spectral power in these regions was subject to a three-(t(10)5214.2; P,0.01). Likewise, the distance between factor ANOVA with the within-subjects factors Condition the actual response delays and the maximum reward delay (shaping, random, self-paced), Hemisphere (left / right), was smaller during shaping (t(1054.7; P,0.01) than and Region (anterior / posterior). As a control, frequency during random reward. measures in the baseline interval (1900-1750 ms prior to the button press) were also subject to the same ANOVAs. Degrees of freedom were adjusted by means of the 3.2.
Spectral measures
Greenhouse-Geisser method where appropriate [12]. Corrected P values are reported. Post-hoc comparisons weré evaluated by means of the Scheffe test. 3.2
.1. Time windows preceding the button press
In the baseline time window, differences between con-2.4.2. Analysis of behavioral data ditions in the beta and gamma bands did not reach Two variables were used to examine effects of shaping statistical significance. There was a trend towards greater in the present study: (1) the mean amount of reward posterior alpha reduction in the shaping condition, comobtained in the shaping and the random reinforcement pared to the self-paced and random reinforcement concondition, and (2) No further significant effects of experimental conditions on spectral measures were found in the time window preceding the button press the presentation of the feedback stimulus. However, this time window showed a broadly distributed enhancement of the mid gamma frequency (31-40 Hz) power at anterior sites, which resulted in a significant main effect of Region, indicating greater power at anterior than posterior sites across conditions (F(1,10)5 7.1; P,0.05). The remaining bands did not show topographical differences in this time range.
Time windows following the button press
3.2.2.1. Alpha band (10 -13 Hz). ANOVAs on the mean spectral alpha power showed that throughout time windows, significant effects of Region indicated that alpha reduction was more pronounced at posterior, compared to anterior sites (Fs(1,10)55.9, 7.4, 5.6, 6.1; P,0.05, respectively). Additionally, the left hemisphere showed time windows revealed no significant effects of Condition activity showed a frontal increase starting at about 400 ms on mid gamma power.
after the presentation of response-contingent reward (see Fig. 6 ). Interestingly, this effect was weaker, but also 3.2.2.5. High gamma band . A similar picture present in the control condition that required repetitive emerged for the high frequency range during the early self-paced key presses without any feedback. One explanawindow (Condition3Region: F(2,20)53.7; P,0.05).
tion for this finding may lie in the fact that both conditions Again, there was a specific anterior-posterior difference involved planning of the subsequent response after termiduring shaping and random reward only (P,0.05), with nation of the key press. However, the low gamma modulaposterior sensors exhibiting higher spectral power than tion obtained during self-paced pressing was (1) attenuated anterior sensors. Subsequent time ranges showed no sigcompared to the shaping condition and (2) showed a nificant effects involving Condition. different topographical distribution, with a maximum on right frontal sites. Thus, it cannot be assumed that motor planning of the subsequent response alone accounts for the 4. Discussion effects observed in the current study. Rather, the left frontal power change observed during shaping seems to be Using an operant learning paradigm involving shaping specific for processing contingencies between behaviors of a time-dependent motor response, we found that osciland external stimuli with a behavioral or motivational latory activity differentiated between the processing of relevance, i.e. reinforcers. The latter aspect was not present reward stimuli (i.e. display of money gained) while during random reinforcement, when reward was unpredictcontingent as compared to non-contingent reinforcement able and participants were unable to learn a contingent was presented to the participants. Lower gamma band response or to plan subsequent motor behavior. According- Fig. 6 . Left: grand mean time-frequency plots for three experimental conditions -shaping, random reward, self-paced pressing. Plots reflect an aver age across electrodes anterior to Cz. A baseline mean (21900 to 21750 ms) was subtracted for each frequency band. Time-point 0 corresponds to the button press and onset of feedback stimulus. Right: topographical distribution of the spectral power in the time-frequency window outlined in the time-frequency plots.
specific inter-site synchrony without GBA amplitude enhancement may be viewed as a mechanism of large-scale cognitive integration, which is also necessary during the learning process, whereas GBA amplitude modulation would reflect changes in local oscillatory processes. One possible correlate of different levels of integration is the temporal frequency of the respective large-scale oscillation. For example, von Stein and Sarnthein [43,51,52], have argued that synchronization at different frequencies of large-scale brain electric activity might be used for integration of cell assemblies being involved in tasks differing in complexity. Thus, less complex unimodal perceptual processes are suggested to involve high-frequency oscillations, whereas more complex multimodal processing should relate to modulations in lower bands such as theta or alpha. While the present work did not examine inter-site coherence, the dissociation between ( readiness potential. We extended these studies by showing that this response is not modulated by the motivational ly, frontal low gamma modulation was weakest in this relevance of the motor response. The fact that we did not condition. Thus, a dissociation of motor planning and find GBA differences between conditions in the time processing of task-relevant external information is sugwindow preceding the button press may be interpreted as gested by the different topographical distributions. This evidence against task-specific large-scale high-frequency interpretation is consistent with the view that areas in activity prior to the operant behavior. However, highprefrontal cortex are elements of networks necessary for frequency concomitants of movement were clearly not the assembling memories and behavioral patterns that enable focus of the present study. Given the broad anterior the individual to react appropriately on the basis of past distribution of the 20-30 Hz enhancement during shaping, experience [54] . In addition, it is in line with recent reports it is possible that pre-motor areas are involved in processfrom neuroimaging studies showing left prefrontal activaing information that serves to adjust behavior to the tion during associative learning [27, 53] .
changing requirements of a reinforcement schedule. SimiAlternative views are based on findings of human EEG lar phenomena have been reported with respect to oscillatcoherency in the gamma range. For example, Miltner et al.
ory activity in this frequency range during execution of [26] reported an increase in cross-electrode site synchrony motor tasks in monkeys [29] [30] [31] . Interestingly, these during classical conditioning in human participants that oscillations have been observed in the lower gamma range, was restricted to the mid gamma frequency range around paralleling the present findings. Future work may assess 40 Hz, but did not observe power modulation in this band.
the question of cortical sources of oscillatory brain reIn the present study, power changes of anterior low GBA sponses using distributed source modeling of single sweep were seen in a band well below the 37-43 Hz range where EEG epochs before transformation into frequency-domain phase synchrony effects were most pronounced in the measures [14,15]. Miltner et al. study [26] . Thus, different frequency bands
Regarding the alpha and beta bands, we replicated the may provide complementary information in terms of pre-movement alpha power reduction that has been dechanges in power / amplitude, inter-site synchrony, time scribed repeatedly by Pfurtscheller and coworkers [34, 35] course, or topographical distribution. In line with this and has been referred to as event-related alpha deview, Rodriguez et al. [40] showed that power modulation synchronization. Interestingly, this effect showed sensitiviand changes of phase-synchrony in a single frequency ty to experimental conditions, with random reinforcement band might occur in different time windows during visual being related to less alpha desynchronization than shaping object recognition. These authors have proposed that or self-paced key pressing. This finding may reflect the fact that movement preparation was possible in the latter the view that acquisition of new behaviors is embodied in conditions, but was more difficult when contingencies variable networks differing in distribution and elements, were unclear. Moreover, the shaping condition was spedepending on the internal processing steps performed in cifically characterized by a decrease in the beta band at response to a stimulus and on the nature of external posterior sensors. This appears to be consistent with contingencies. reports of a correlation between beta activity and allocation of processing resources for cognitive processes in the visual modality [39] . While no visual feedback was Acknowledgements provided in the self-paced condition, the shaping and the random reinforcement conditions differed in that they
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